An important characteristic of wall rotating-driven flows is the tendency of fluid with high angular momentum to be flung radially outward. For a generator, the rotor rotating-driven flow, usually referred to as the rotating pumping flow, plays an important role in rotor winding cooling. In this study, three-dimensional numerical analyzes are presented for turbulent pumping flow in the inter-coil rotor cavity and short cooling grooves of a generator. Calculations of the flow field and the mass flux distribution through the grooves were carried out in a sequence of four related cases Under an isothermal condition: (a) pumping flow, which is the self-generated flow resulted from the rotor pumping action; (b) mixing flow, which is the combination of the ventilating flow and pumping flow, under a constant density condition; (c) mixing flow, with density modeled by the ideal gas law; and (d) mixing flow, with different pressure differentials applied on the system. The comparisons of the results from these cases can provide useful information regarding the impacts of the ventilating flow, gas density, and system pressure differential on the mass flux distribution in the short cooling grooves. Results show that the pumping effect is strong enough to generate the cooling flow for rotor winding cooling. Therefore, for small-or mid-size generators ventilation fans may be eliminated. It also suggests that increasing the chimney dimension can improve the distribution uniformity of mass flux through the cooling grooves.
INTRODUCTION
The increasing demands for power supply have accelerated the design of reliable, high-powered, high-efficiency, and cost-effective modern the cooling/ventilation system in the generator plays a crucial role to maintain the generator temperatures within specified limits. There are two kinds of cooling methods used in generator field winding cooling: indirect (or conventional) cooling and direct cooling. Indirect cooling was the first method developed to cool the field winding. It relies on heat conduction from the copper conductors through the insulation to the relatively cooler rotor core. Heat is then removed by cooling gas flowing through the vent slots in the rotor teeth. Direct cooling is implemented in two different ways: (a) Radial flow cooling uses the rotor rotation to create a pressure differential between the subslot and the stator-rotor air gap, and thus to force gas radially outward through rotor slots into the rotor winding. (b) Diagonal flow cooling uses the rotor surface velocity to force gas through the rotor winding turns. Cooling gas is scooped out of the stator-rotor gap by inclined holes in the coil wedges and forced to flow radially inward and along the axis of the rotor. At the bottom of the slot, air flows diagonally outward until it exhausts into the air gap once again (N01d and Fogarty, 1991; Tornroos and Randall, 1992) . As a more effective and efficient cooling method, direct cooling is widely used in rotor windings to attain a relative uniform temperature along the conductor length. Radial flow cooling can be achieved by machining ventilating grooves on the copper conductors. As the conductors are wound into a coil and further assembled into a rotor winding, these grooves provide paths for cooling fluids to cool the rotor winding. Rotating flows are commonly encountered in rotary machines such as turbomachines, pumps, generators, and a variety of other engineering applications. A firm understanding of such rotating pumping flows leads directly to a fundamental understanding of the nature of rotary energy systems and their operations. However, in many circumstances, because of the problem complexity, technique restriction, and resource limitation (such as time, expenses, and test equipment), an experimental test becomes very difficult and thus a numerical investigation is a feasible choice for providing insight into the flow field. Over the past decade, the use of CFD tools has increased significantly by generator engineers and designers, resulting in a short design cycle time and low cost for the new generator introduction. The discipline of CFD has fostered a unified approach to turbomachinery analysis and design. The comprehensive reviews of the computation and modeling of turbomachinery flows were provided by Childs (1993) and Lakshminarayana (1996) . This work is a continuous effort for optimizing the generator design and for enhancing the generator cooling efficiency. The study was structured and performed as a sequence of four related cases:
(a) Pumping flow, which is a self-generated flow by the pumping action of the rotor. To eliminate the influence of the ventilating flow in the system, the pressure differential between the flow inlet and the exit was set at zero. (b) Mixing flow, which is a combination of the pumping and ventilating flows in dual cooling. In this case, constant density is assumed. (c) As same as (b) but modeling density with the ideal gas law. The comparison between (b) and (c) can determine the effect of gas density on the mass flux and its distribution through grooves.
(d) As same as (c) but varying Pi +20% to its base value while keeping po constant. In such a way, the sensitivity of mass flux to the variation of the pressure differential can be identified.
It is worthwhile to note that as a preliminary study, this work is limited to isothermal flows under standard conditions (Pop atm and T-288.16 K). In a real case, because of the impacts of heat transfer and gas compressibility, the flow and pressure fields might be different from these of the current analysis.
MATHEMATICAL MODEL
The schematic diagram of a rotor winding assembly and short cooling grooves is shown in Fig. 1 (FLUENT, 1997a) .
The governing equations for a three-dimensional, steady-state, isothermal, turbulent flow are
(2) space blocks at the front of the end-winding. Hence, a number of rotor cavities are formed between adjacent coils and wedge blocks (or space blocks). A coil is wound by copper conductors with insulation between adjacent turns. There are seven Short grooves in each coil, arranged at the odd turns from #3 to #15 (counted from top to bottom). A short groove starts at the wedge block with 45 to the conductor axial centerline, then becomes parallel to the conductor, and eventually terminates at the radial cooling "chimney." This cooling arrangement brings the cold gas into direct contact with conductors and eliminates the thermal resistance through the insulation. A cooling gas from the environment enters into the subslot cavity, which is beneath the end-windings, fills the inter-coil rotor cavity, distributes into short grooves, then discharges into the chimney, and exhausts to the rotor-stator air gap. Since all coils are ventilated in the similar manner, only one coil is modeled in this work. Air is used as the cooling fluid.
In the present work, the Renormalization Group (RNG) k-c turbulent model was used because it can provide greater accuracy in modeling rotating and swirl flows. Unlike the standard k-c model that (FLUENT, 1997a) .
The angular rotating speed with respect to the rotor axis was set at 314 radians per second (rpm 3000) for the whole computational domain.
Periodic rotating boundary conditions were applied in the circumferential direction on the periodic walls of the subslot cavity beneath the end-winding. The pressure differential between the flow inlet and the exit was set differently, varied from case to case.
well tested in designs and analyses in engineering applications.
The total computational domain was effectively meshed by dividing it into four parts: subslot cavity, inter-coil cavity, short grooves, and radial chimney.
Grid sizes were carefully selected for each part to adequately resolve the internal details. Very fine meshes were made at the short grooves and the chimney, as well as near-wall regions (Fig. 2) . More than 135,000 hexahedral meshes were employed in this work. All computations were performed on an HP-C 160 workstation.
A two-layer-based non-equilibrium wall function was used to resolve flows in the near-wall region. This approach employs the two-layer concept in computing the budget of turbulent kinetic energy at the wall-adjacent cells. The wall-neighboring cells consist of a viscous sublayer and a fully turbulent layer. By applying the non-equilibrium wall function, it is important to maintain y+ (where y+ (Scl/4kl/2/v ') in the appropriate range over which the log-law is valid.
The main difficulties encountered in simulating such a complex, three-dimensional, turbulent flow were the solution stability and convergence. Several computational techniques were used to accelerate the convergence rate and improve solution stability. The most effective way to control solution stability was to start the rotating speed at a very low level (15-20% of its final value) and increase it slowly in subsequent runs. This procedure continued until that the desired rotating speed was reached. Moreover, the underrelaxation parameters were set at 0.2-0.3 for continuity, momentum, k and e. A calculation terminates when all maximum residues of continuity, momentum, k and e are less than 5 10-4.
NUMERICAL METHODS
Equations (1) gradient, is set up in the radial direction. Once a flow inlet and an exit are provided, this pressure gradient will drive cold air to flow through the system and pump it out of the exit. In order to limit the proposed solutions only to the pumping flow, the pressure differential between the flow inlet and the chimney exit was set at zero. Thus, the flow is merely driven and accelerated by the rotating pumping action. In this case, constant air density (p= 1.225 kg/m3) was used for all calculations.
A total pressure is defined as the sum of static pressure ps and dynamic pressure Pd (Pd= P11112/2)
The distribution of the static pressure (which is relative to the operating pressure) of the pumping flow is shown in Fig. 3(a) . It can be observed that the static pressure distributes almost linearly with the radius in the inter-coil cavity, subslot cavity, and long the chimney. The maximum static pressure occurs at the top of the inter-coil rotor cavity and the minimum occurs at the dead region at the chimney bottom. Inside a groove, the static pressure gradient is established linearly along the groove length. Figure 3(b) displays the dynamic pressure distribution in the system. Because Pd is directly associated with the fluid velocity (primarily tangential velocity), the dynamic pressure is approximately proportional to the radius in the inter-coil cavity. However, in the subslot cavity, due to the impact of the inlet velocity the dynamic pressure field is completely distorted. Similarly, because of the interactions among the air jets, as well as those between the jets and the chimney wall, both the static and dynamic pressure fields in the chimney are distorted.
Velocity vectors in the chimney and short grooves are displayed in Fig. 4 One of the major parameters for determining the mass flowrate through a groove is the pressure differential across the groove. Numerical results show that since the pressure is approximately a linear function of the radius in the inter-coil rotor cavity, it is the distorted pressure field in the chimney that causes the difference in Ap among the different grooves, and in turn, the different mass flowrate through these grooves.
All cooling grooves are designed identical in both size and shape to ensure the flow uniformity. However, deviations may be introduced at the geometry modeling and mesh setting. To eliminate the impact clearly that the superposition of the ventilation flow has little influence on the mass flux distribution. Similarly, the calculated results show that the superposition of the ventilating flow to the pumping flow increases significantly the pressure magnitude but has little impact on the pressure distribution pattern. With Ap applied on the system, the maximum and minimum pressure have increased approximately 58 % and 20% respectively to those in the pumping flow. By comparing the velocity vectors for the pumping flow, the increase in mass flux causes much stronger interactions between jets and the chimney wall.
Effect of Gas Density on Mass Flux Distribution
In an attempt to examine the gas density variation on the mass flux and its distribution, equation of state for a single-component ideal gas is used to calculate the gas density, P_ (pop +ps)M (13) RuT where M is the molecular weight of air, Ru is the universal gas constant, ps is the local static pressure relative to the operating pressure Pop. Thus, for isothermal flows density becomes a linear function of pressure. As a result, the distribution pattern of density should be identical to that of pressure. From Fig. 6 , it can be seen that iso-density plans run parallel to the rotor surface in the inter-coil rotor cavity. With a high density region (where p > 1.225kg/m3) occurring at the inter-coil rotor cavity and a low density region (where p < 1.225 kg/ m3) in the chimney, an approximate linear density gradient is set up along the groove length. 
Numerical results have revealed that the relative change in velocity, Au/u, between the two cases is approximately a constant (1.7-1.9%) for all grooves and, in contrast, the relative change in density Ap/p depends strongly upon the local pressure, ranging from 3 % at the outermost groove (#1) at the high pressure region to 5.5% at the innermost groove (#7) at the low pressure region.
Thus, the density variation becomes the key parameter to alter the mass flux and its distribution through grooves. Figure 7 shows the comparison of the mass flux, measured at the interfaces between the groove exits and the chimney wall, between the two cases. At these locations density in the varied density case is significantly lower than that in the constant density case, resulting in the decrease of the mass flux in the varied density case. From  Fig. 7 , AG is seen to vary with the groove location.
As evidence, calculated results show that AG/ G--1.1% for the groove #1 and 5.1% for the groove #7. Groove Number FIGURE 7 Effect of gas density variation on the mass flux and its distribution through short cooling grooves.
value while keeping po constant. In this case, density was modeled by the ideal gas law. Numerical results show that pressure differential can strongly affect mass flux in short grooves. When Pi changes +20%, the mean mass flux changes correspondingly about +4.5%. Thus, the sensitivity of mass flux to the variation of inlet pressure can be calculated as AG/G 3t34.5%
22.5 %
Api/Pi +20% However, the profile of the mass flux distribution is found to be nearly independent of the pressure differential (Fig. 8 ).
PRACTICAL IMPORTANCE
The fan windage loss is the biggest part among all generator windage losses. The fan loss could count 62.6% of the total windage losses for an air-cooled generator and 63.8% for a hydrogen-cooled generator (Tong, 1998 Groove Number FIGURE 8 Effect of system pressure differential on the mass flux and its distribution through short cooling grooves.
modern generators, such fan windage losses should be desirably minimized or eliminated to enhance the generator performance efficiency. The numerical results obtained from the present investigation can be used to evaluate the effect of the rotating pumping flow on the generator cooling. It has shown that as a pressure differential is applied on the system, the generated ventilating flow counts only a small portion to the total mixing flow. |t appears that for small-or mid-size generators rotating pumping flows alone could meet the requirement for rotor winding cooling and thus, ventilation rotor fans may be eliminated.
|n addition, the data of the mass flux distribution through the grooves suggest that increasing the chimney dimension can reduce the interactions between the air jets and chimney wall and thus, improve the distribution uniformity of mass flux through the grooves. model, the flow pattern in the system and the mass flux distribution though cooling grooves were obtained. The major conclusions from the numerical results can be drawn as follows:
(1) The pumping effect was demonstrated to be considerably strong enough to generate air cooling flows in a generator. It shows even a large pressure differential applied on the system, the pumping flow still counts about 4/5 to the total cooling flow.
(2) When a ventilating flow is introduced by applying a pressure differential on the system, increasing the pressure differential can result in an increase in mass flux. However, the superposition of the ventilating flow has shown little influence on the mass flux distribution though the grooves.
(3) The variation of the gas density can fairly alter both the mass flux magnitude and its distribution. By using the ideal gas law, density becomes a linear function of pressure for isothermal flows. The change in mass flux is mainly caused by the density variation.
(4) Sensitivity of the pressure differential on the mass flux distribution was examined by varying Pi +20% to its base value while keeping Pe at constant. Sensitivity of mass flux to the variation of the air inlet pressure was 22.5%. In addition, the distribution pattern of mass flux was found a/most independent of the pressure drop applied on the system. (5) The 
